An Approach in Updating Plant )
Metabolomics in Roots to Tolerate oo
Anaerobic Submergence Stress

M. K. Adak, Arijit Ghosh, Indraneel Saha, and Debabrata Dolui

Abstract An overabundance of environmental extremities classically called abiotic
stresses has been the integral part of plant’s growth and development. Since then
plants are also well adapted with its full genetic potential in two responses: suscepti-
bility and resistance. These are coordinated with the expression of genes in up/down
regulation according to genotypic plasticity at varying degrees as well as durations.
Among the stressors most of those are perceived through root system of plants directly
from soil like drought, salinity, metals and metalloids, pH variability, chemicals toxi-
city, hypoxia/anoxia etc. With the expression potential of gene(s) and its induction
roots are also able to epigenetic regulation in tolerance of the stress factors where
without interference of DNA sequence are also most important. Epigenetic regu-
lation is also inheritable in nature but rather than any alteration of DNA sequence
it involves the nuclear protein (histone) amendment as well as chemical modifica-
tions like methylation. In roots tissues certain conserved DNA sequences in chimeric
manner in a precise and stringent regulation process tunes the responses to stresses
that differs from rest of the flanking sequences. With the most modern—state-of art
including high throughput sequencing at different platforms epigenetic regulation
in roots genomics has reached a significant milestones to characterize stress. Thus,
breeding with roots genomics now has set an alternative approach where world envi-
ronmental climatic changes are ameliorated or minimize in crops to a significant
extent. This chapter would encase various aspects of roots epigenetic responses to
abiotic stresses in overall aspects of technology and its usefulness in crop sustenance.

1 Introduction

The phenotypes or morphological appearance of plants is the combinational results
of a number of dynamic interaction of different molecules like nucleic acid, proteins,
carbohydrates, organic acids, fat residues, phenolics and many others metabolites.
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These are all well in coordination plants’ developmental status as well as environ-
mental inputs like light, temperature, salts, water, air, humidity etc. This demands
a precise phenotypic explanation, particularly, for genome analysis excluding tran-
scriptome, proteomes and metabolomes also. However, this approach not necessarily
means effectivity in understanding as well as characterizing the total plant biology.
So, an integrated approach is still in demand where metabolic studies with sequences
of many reactions may be the linking for genes expression and phenotypic counte-
nance. Thus, the question of metabolomes comes relevant to context of whole system
biology of plants. This also brings special is of especial significance to satisfy the
objective how plant system is responding to environmental variations. As already
understood that gene expression ensures the potential of plants responses to adjust
the stress, the accumulation and types of metabolites represent the keys to those
adverse conditions. With understanding of different and other omics in deciphering
the system analysis how metabolomics would be useful in assessment of stress toler-
ance in equally important. The metabolic profiling under set of environmental vari-
ations would be better in correlation for molecular and physiological activities of
plants even under controlled or ambient condition of habitat. Even those metabolic
profiling could be used as markers for selection pressure for better rootstocks in
breeding programme.

2 Metabolomics Approaches for Deciphering the Stress
Tolerance Under Submergence

Like other strategies covering genomics, proteomics, transcriptomics with high
through put sequencing of genes, transcripts and peptides, metabolomics also
approaches plants stress tolerance through study of metabolomes. In plant system,
may be in a single cell, tissues, organs, however, in a specific growth or oncogenic
state, metabolomics forwards the collection of biochemical reactions in a specific or
collective paths. These could be more informative with plant’s responses to a stressful
environment with different level of accumulation of biometabolites. In Sensustricto it
is within the 1200 kD of low molecular weight chemical residues (reaction precursors,
intermediates and products in a reaction cycle), either primary or even secondary also
are come under consideration of metabolomics. Almost the cases those are included
the processed gene products either in structural of enzymatic proteins for a biochem-
ical cycle(s) and thereby directly or indirectly present the functionality or viability
of the tissues. With other predominant or supplementary functions these compounds
are integral or indispensable in sense of plant structure or biomass, cell wall residues
and cytoplasmic constituents, signaling residues, antioxidants and other moieties in
plant’s resistance to stress.

Irrespective of taxonomical hierchy in plant kingdom it covers around 200,000—
1000,000 chemical residues as metabolites under varying concentration are docu-
mented those are quite flexible in their chemical diversity and property. Still, the
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proper purification and identification through presumed annotation may be the full
proof because of complexities and amalgamation with major and minor residues. By
metabolic profiling may be the option in an wider identification of compounds with
their predicted conformation and following tally with reaction kinetics. Therefore,
the metabolomics would be more lenient to follow the abiotic stress paraphernalia
with multidisciplinary approaches where a number of essentials must be the mandate
like proper designing of the experiment, calibration of a vigorous protocols for data
harvesting, finery in chemical analysis, efficient work station for data analysis, data
combination with other omics and finally the validation of plants biological explana-
tion. In more development metabolic profiling and metabolic finger printing a huge
or vast array of data on metabolites could be procured without any earlier suppo-
sition. So, with global metabolome expression of any plants under any stress bio
informatics tools may be the better option to corroborate the hypothesis/predicted
data with metabolites accumulated in real. This may give the satisfactory results with
higher level of accuracy as well as meticulousness. With modern state of art an initial
analytical separation following detection and identification are the most predominant
domain to start the metabolomics.

3 Submergence Stress: A Significant Scope
for Metabolomics Study

Flood occurrence in the form of water logging or submergence poses a significant
vulnerability for survival, growth and productivity. According to FAO it covers at
least 10% of the total cultivable land is flooding prone with recurrent loss of grain
yield in rice (Manik et al. 2019). Submergence due to flooding is the resultant for
induced hypoxia/anoxia for a prolong duration for root system. The inadequate O,
concentration in capillary water within the rhizosphere creates the well-known anoxic
stress with significant loss of energy yielding metabolism like ATP synthesis (Ruf
et al. 2019). The major changes in metabolomes are consisted, however, not limited
with cytosolic acidification (lower pH values) as a function of impeded H*/ATP
ase activity. Even with the transient occurrence of submergence due to flash flood
apart from growth and productivity, plants are characterized by expression of core-
hypoxic responsive genes (Kuroha et al. 2019). The later is mostly focused with
rearrangement of root specific metabolomes or metabolites distribution. A set(s) of
gene and its expression is mostly targeted to anoxia/hypoxia responses which may
come under categories of: alcoholic/lactate fermentation, interconversion of sucrose
starch residues, stress induced metabolites for osmotic adjustment like compatible
solutes, the hypoxia induced growth suppressing metabolites like ethylene/ABA/GA
occurrence and their interplay, generation and lysis of oxygen/nitrogen moieties with
oxidative redox (Fischer et al. 2020). Likewise, of those selected genes, alanine amino
transferase is set as a reliable bio-marker with its hyper accumulation of alanine in
rice roots under prolong submergence (Lothier et al. 2020). On the other hand, the
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allocation of reduced carbons into sucrose exerts a flux in partitioning of starch and
other polysaccharides in roots. The land races with quiescence (an adaptation to
reserve the energy in expense of growth suppression under complete submergence)
followers are more used with starch phosphorylase expression and activities. Rice
genotypes with Subl possessing traits are more practiced with transformation of
complex polysaccharides from simpler reducing/non reducing soluble sugars into
roots, culm and leaf sheath (Morel et al. 2019). The oxygen deficiency in roots,
particularly, under complete submergence makes it different for the bio-metabolome
pattern in roots than shoots which has fairly revelation to the aerobic condition either
directly from environment or photosynthetic oxygen. In comparison to other stress,
submergence must be linked to a composite of stress where almost the environmental
extremities are the concerned except high irradiance (Chevrier et al. 2020). Still, in
fully grown or adult plants the tissues/organ specific metabolic differentiation is
incomplete under submergence stress as its depth and duration of water stagnation
may significantly vary. Accumulation of reserved carbohydrates as found in rice
culm and leaf sheath is more common under stress along with few stress metabolites
like y-amino butyric acid (GABA), alanine, polyols (Ghatak et al. 2018). A gradual
change in plant’s low molecular weight organic acids like malic acid from TCA cycle
pool may characterize submergence sensitivity. This is operated in homeostasis with
amino acid depletion in roots to demark the hypoxia/anoxia under submergence
stress. In sugar metabolomics under waterlogged rice a linear decline in few amino
acids may suggests inhibition of protein synthesis in contiguous with sugar export
from source (leaf sheath, cum) to sink (roots and other submerged tissues).It is
more discriminating for the nitrogen metabolomes in submerged roots where nitrate
assimilatory reactions remain more sensitive (Srivastava et al. 2019).The oxygen
deprivation in roots would circumvent the impaired energy yielding metabolism
where ATP dependent nitrate reduction is down regulated. Alternatively, roots may
be more lenient to NAD(P)H dependent reduction with lesser sensitivity to hypoxia
(Ledn et al. 2020). Still, leaf sheath and culm are not much affected in nitrate reduc-
tion as compared to roots since exposed to air and more accessible to photosynthetic
oxygen in mesophyll tissues. In waterlogged cotton, soybean other metabolites like
ureides, glutamines are inhibited to translocate into leaves from roots (Lothier et al.
2020). The translocation efficiency under water logging is fully or partially depen-
dent on metabolite exchange through root cell sap (in xylem/phloem conduits). This
is illustrated with Ricinus where phloem sap does not vary with sugar concentra-
tion in roots but sap flow rate as well as flow area within the phloem sieve tube
significantly found reduced (Shen et al. 2020). This is well consistent with other
cereals like Zea where labelled carbon ('* C-sucrose) fed in leaves had not metabo-
lized into TCA cycle intermediates in roots under anoxia. Contrarily, derivatives of
glucose, however, non-metabolites moiety like '*C-deoxyglucose had the minimum
rate in translocation to roots under submergence induced anoxia (Maranas 2017).
Despite of these there found few enigmas while someone takes the study of submer-
gence metabolomics in roots that how it connects with areal shoots, whether phloem
loading and unloading is independent through flux of metabolites. Under submerged
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roots there is a tend to increase the phloem sugar loads that may exert an feedback
inhibition on sugar export and downstream metabolism in shoots.

4 Areas Under Coverage of Root Metabolomics Under
Submergence Stress

Under submergence plants have to experience a number of other abiotic stressors
those may change directly or indirectly on morphological, anatomical, physiolog-
ical, biochemical and cellular activities. Semi aquatic species like rice, roots survival
under submergence are complemented by two sets of phenomena: escape and quies-
cence strategies. Both of those are targeted to assure to cope up the oxygen deficits
either in form of hypoxia or anoxia. In the escape strategy the gas exchange and its
rate from plants areal shoot to environment is increased with distinguishable features
like those of epinasty, elongation of leaf sheath and internodes etc. Contrarily, energy
expense is lesser in escape strategies with restriction of vegetative growth under water
regimes. (The high energy depending phenomena like protein synthesis, DNA repli-
cation, cell wall synthesis are, secondary growth process are well regulated under
quiescence with an observable alteration of cellular respiration from aerobic to aner-
obic (da Veiga Moreira et al. 2015). In sustenance to those the submergence tolerant
cultivars are induced to sustain oxidative phosphorylation and allied metabolisms
with formation of special tissues like aerenchyma in roots. Additionally, a number of
metabolic activities like gas filled film in air spaces in leaf mesophyll is other support
to coordinate the gas diffusion under anerobic/hypoxic condition under submergence
(Liang et al. 2020). Along with high through put metabolomics a huge number of
data are processed from roots responding to stress, particularly, in cereal crops. Both
Gel based/free systems in roots proteomics could support the types of metabolites
produced in different tissues in roots through either labeling or non labeling to know
flow of reaction under stressed condition (Huihui et al. 2020). Since water logging or
flooding stress may couple other facets of abiotic stresses the commonness and simi-
larities of metabolites flux would more flexible to identify the nature of compounds in
roots even at sub cellular levels also. Identification of complex proteins and metabo-
lites are often challenged by presence of high number and amount of proteases,
oxidative enzymes, and phenolics in tissues (Hashim et al. 2020). Still, metabolomic
techniques like TCA precipitation, GITC extraction, SDS lysis, phenol phase sepa-
ration and others chromatograms are the most uses for study of metabolomes in
roots for any plants. Metabolomics coupled with proteomics had also great advan-
tages in detection and analysis of target protein in roots even under post submer-
gence period dried soil (Yan et al. 2020a, b). This releases the data on hyper/hypo-
regulation of different target enzymes and their contribution in metabolic fluxes
in common responses for saturated-dehydrated soil. More specifically, the organ
specific secondary metabolites like a plethora of phenolics glycosides would be well
in concern for submergence induced moisture deficit as well as oxidative revelation
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Table1 Submergence induced metabolic fluxes and their changes in roots for different cereal crops

Crop species Stresses Nature of metabolites fluxes | References

Rice Submergence Ethylene, Glycolic acid, Wu et al. (2017)
Glyoxalic acid

Wheat Hypoxia/anoxia Polyamines, proline, Yan et al. (2020a, b)
Glycine betaine, Glutein

Barley Low light, alkaline pH | Tri acetic acid, Citric acid, | Park et al. (2009)
lactic acid, ethanol, glydine

Sorgham Oxidative stress, ROS TCA, electron Khan et al. 2015

accumulation transportproteins, Cyto

chrome ¢, amino acids,
nucleotides

Maize Salinity, alkalinity, ROS | Bicarbonate metabolism, Ashraf et al. (2018)

stress protein, Fermented
metabolites, Fe-S proteins,
Ferulic acid, Siderophore

Oat Soilmoisture deficits, Secondary metabolites, Cell | Akey and Morrison
ionic imbalances cycle proteins, HY/ATP ase, | (1983)
DNA-nucleotides,
chaperones
Bajra High irradiances, low Stress metabolites, Damame et al. (2017)
temperature jasmonic acid,phloem
sapresidues,

polysaccharides, inulin

for tolerance species like cereal crops (Lobo et al. 2020). Even metabolomics coupled
with analytical techniques for proteomics study has elucidated specific metabolites
which have sparingly regulation in enzymatic cascade and also for post translational
modifications for specific environmental extremities like low irradiance, anerobic
exposure, ionic/metallic variation, pH sensitivity etc under submergence (Khan et al.
2020) (Table 1).

5 Compartmentalization of Metabolic Flux in Roots Under
Submergence

The quite natural adaptation under submerged roots is radial oxygen movement
from shoot to roots through functioning of aerenchyma (Pedersen et al. 2021). The
metabolic flux that characterizes plants roots are the development of lysigenous cavi-
ties through programmed cell death that subsequent follows in lysis of the cortical
cells. In roots of terrestrial species like Zea, Triticum etc. such an adaptation may not
be availed by the plants specially under aerobic condition (Pegg et al. 2020). Still,
those upland species may be induced with such lysigenous cavities under oxygen
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deficit waterlogged condition. In typical semi aquatic cereal like Oryza such adapta-
tion is readily also available under aerobic condition that may over expressed when
plants are transferred to complete submergence of hypoxia/anoxia (Nakamura and
Noguchi 2020). The metabolite compartmentalization is strictly sensed by plants
for the special compounds like ethylene under submergence. Even with illustration
with aquatic species ethylene biosynthesis and its involvement in special tissues may
characterize the submergence tolerance (Chakraborty et al. 2021). In chemical reac-
tion ethylene accumulation in rhizosphere and its diffusion through aerenchyma sets
a special ecological niche for submergence sensitive plants that may differ a set of
metabolites in cellular compartmentalization. Ethylene is produced from methionine
residues in a more complex cycle compatible to polyamine biosynthesis in a compet-
itive manner (Sauter et al. 2013). One intermediates likel-amino-cyclopropane-1-
carboxylicacid (ACC) is subsequently metabolized by ACC synthase (ACS) and ACC
oxidase (ACO) to ethylene is the limiting factor for sensitivity to submergence for
the species. The expression levels and polymorphisms of ACS1 and ACOS increases
to contribute,ethylene accumulation in the roots (Lee and Yoon 2018). The formation
of aerenchyma is more compounded with the generation of reactive oxygen species
(ROS) through a respiratory burst oxidase homolog H (RBOHH) which is in parallel
overexpressed with ethylene (Fig. 1).

Another set of metabolite compartmentalization is limited in cortical tissues of
rice roots where auxin signaling is distinctly perceived (Junetal. 2011). A set of auxin
response factors (ARFs) is regulated at specific auxin response element (AREs) in
auxin induced genes where indole acetic acid binding proteins are most favored (Kim
et al. 2020). In rice there recorded at least 25 ARF genes and 31 IAA genes which
are highly variable in expression variable perception of hypoxia/anoxia (Wu and
Yang 2020). IAA proteins are characterized with an most conserved sequence motif
auxin-dependent proteolysis (Yan et al. 2020a, b). The correlation between ethylene
formation and aerenchyma formation is well evident from auxin dependent mutation
in roots gain of function (dominant-negative) iaal3. This mutant is characterized by
a single amino acid substitution at the upstream (AUX/IAA domain II) of IAA13
protein (Yamauchi et al. 2019). Through the functional analysis of the iaal3 mutant
it comes in understanding for its involvement of inducible aerenchyma in rice roots.
This is more established with the exercise of auxin inhibitor(s) where aerenchyma
formation had been restricted under oxygen deficit or hypoxic condition of water-
logging (Yamauchi et al. 2020). This is also coordinated with ethylene biosynthetic
gene activities to support more with the facts of auxin involved aerenchyma forma-
tion. In rice roots there proposed a mechanism where IAA-ethylene coordinated
aerenchyma formation in relation to submergence tolerance. This also establishes
that auxin is not only involved in constitutive aerenchyma formation but also tends
to form same tissues in rice roots. This is also evident from Arabidopsis where
ACC application would be a key factor for inhibition of lateral roots in accompany
with increased auxin concentration in apical portion of roots. This is equally contra-
dicted with ETHYLENE INSENSITIVE2 (EIN2) mutant for ethylene signaling gene
under submergence of Arabidopsis roots (Negi et al. 2008). This is further noticed
that auxin inhibitor simultaneously down regulates the expression of ACS1 and ACO
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Fig. 1 Possible mechanism
of auxin regulated ethylene
biosynthesis
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gene activities under stagnant water logging condition. This is experimentally proved
in maize roots also where application of auxin also indices the lateral roots forma-
tion with ethylene hyper expression, however, irrespective of anerobic condition (Yu
et al. 2015). So, cellular compartmentalization of ethylene and auxin in lateral root
formation would be another key to metabolite compartmentalization in submerged
roots sensitivity, particularly, under anoxia (Fig. 2).
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Fig. 2 Possible pathway of ethylene biosynthesis and its down stream regulation in rice root under
hypoxia or anoxia

6 Metabolic Fluxes of Reaction Oxygen Species in Roots
Under Submergence

Flooding and heavy downpour could cause the stagnation of water in the form
of waterlogging/submergence leading to soil compaction and/or erosion, inunda-
tion, reduced oxygen tension or hypoxia/anoxia and finally plants damages. Stress
hormones predominantly ethylene, ABA are the factors for induction of genes under
inundation as well as perceive signaling form submerged soil to plant roots insides
(Voesenek and Bailey-Serres 2015). In roots meristem and cortical cells the accumu-
lation of ethylene can stimulate the endo plasmic reticulum (ER) sited transmembrane
protein named ethylene insensitive transmembrane protein 2 (EIN-2) which in down-
stream also induced a set of transcription factors Ethylene insensitive 3 (EIN3). The
later one the most important for the ethylene responses element (ERS) to activate
those genes induced by the ethylene (Yu et al. 2017). Under anoxia ethylene can
control a number of other growth regulators like GA, ABA etc. for cellular modifica-
tion of quiescence or escape strategies under in survival strategies of plants. Herein
the role of cellular redox would be another module in reaction with root cells for
elongating and adventitious roots through cell wall lysis. This is as comparable to
the programmed cell death as commonly available in rice, maize like cereal roots
tissues (Basu et al. 2020). About the source, types and function of ROS to modulate
the cellular redox, it is the hydrogen peroxide (H,O,) that function as a secondary
messenger to ensure peroxidation reactions in membrane lipid lysis of endodermal
layers of roots.

In a fine orchestration HO, can induce the ROS paths with a number of variants
like super oxide anion (O,~), hydroxyl radical (OH™), hydroxonium ions (OH),
singlet oxygen (2O, )etc. In fact, rice roots are well adapted to anerobic condition
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either by anerobic respiration or alcoholic fermentation where these ROS are realized
as byproducts (Sun etal. 2020). A well-known enzymatic cascade on different cellular
organelle or non-cellular space that starts with respiratory burst oxidase homologue
(RBOH) commonly NADP(H) oxidase in involved in ROS generation (Hong et al.
2020). In plants there recorded at least ten such genes in a multigene family to
accommodate load of ROS generation as in Arabidopsis. The kinetics of different
ROS are quite variable according to their chemical stability through the tissues when
developed with anerobic stress.

On downstream development of O, ™ in roots are well sensitized with super oxide
dismutase (SOD) into H,O, (Saha et al. 2020). The later one being soluble ROS
but more thana free radical can stimulate the cellular responses in two ways: anti-
oxidation by peroxidase and elicitation of some other enzymatic reactions. Likewise,
H,O; in turn can stimulate few other ethylene response factors (ERFs), alcohol
dehydrogenase (ADH) like anerobic proteins in roots under submergence. In a
wider metabolic sense plant RBOHs are well characterized with other develop-
mental processes where Ca*? is most crucial. RBOHs could also moderate the Ca*?
efflux inside the cells which also bears relevance with adventitious root develop-
ment (Demidchik et al. 2018). This is thoroughly studied in Arabidopsis where a
homologue (At RBOHc) has been cloned with gentle NaCl treatment for develop-
ment of lateral roots. Intestinally, those roots are good sensitive to other stresses like
pathogenic or elicitations by symbiotic association (Sakuraba et al. 2015). With other
variants in Arabidopsis like At RBOHd, At RBOHTf is well coordinated in expres-
sion with transcript level under minimum salt differences in the growth media. More
so, At RBOHA is reported with ABA signaling network for regulation of stomatal
guard cells in a systematic response with other elicitations. As for e.g. signaling
transduction for wound and biotic invasion, irradiances, heat and cold shock, abun-
dances of salt and metals are the regular entities to exercise the ROS involvement and
its consequent metabolism under roots in regulation of stress sensitivity (Luo et al.
2021). Undoubtedly, At RBOHd and its homologues are involved in stress perception
to anoxia/hypoxia in roots but not much established in any direct relationship with
ethylene metabolism. In earlier reports ROS like H,O, was found to be reduced in
ein 2-5 as well as rbohD-ko mutant when subjected to hypoxia stress. The major
hypoxia induced genes like Aldh in rice was down regulated in expression in such
rbohD-ko mutant (Kim et al. 2019). So, there are ample scope to further study for the
interactive session of ethylene and H,O,in roots not only for submergence tolerance
but also other responses like seedling root growth, pigmentation as well as anoxia
gene functioning.
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7 Metabolomics in Roots for Re-Oxygenation Phenomena
on Post Submergence

While flooding plants are partially or fully inundated but plants are exposed to high
oxygen tension as but water level subsides. This creates another environment of high
oxygen concentration coupled with strong irradiance (Striker 2012). The achloro-
phyllous tissues in leaves and culm under hypoxia are more sensitive to oxidative
stress that sets the secondary impact on submergence sensitivity. The roots are more
aerated along with loss of membrane permeability for K* and other osmolytes. The
water deficit in root tissues may turn over to hyper turgidity and metabolically can
not complete with ATP generation through non/poor functioning of oxidative energy
metabolism (Rachmawati etal. 2019). At metabolic level for re oxygenation is evident
with lipoxygenase activities in substantial accumulation of malondialdehyde content.
A fall in compatible solute biosynthesis in roots leads to reduced permanent wilting
percentage and finally ensures dehydration (Ayala et al. 2014). In reference to rice the
major submergence tolerance regulator SubA, an ethylene response factor (ERFs)
imparts the tolerance to oxidative and dehydration factors making submergence a
multiple or composite stress. A number of ERFs are cloned from both rice and
Arabidopsis where post submergence induced re-oxygenation are encountered with
metabolic residues like ABA (ref). In fact, in rice roots re-oxygenation induces several
motifs in ABA response element (ABRE) to bind with APETALA like factors (Saha
et al. 2021). In a synchronized regulation of GAREs by respective factors, mostly
bZip classes of proteins roots are maximized in oxidative stress tolerance by adopting
quiescence strategies. For the later roots could regulate sugar utilization in aerobic
respiratory flux by activation of genes like

Although the genetic mechanism of submergence survival for rice varieties
containing the SUB1A gene has been elucidated, the downstream metabolic effects
have not yet been evaluated. In this study, the metabolomes of Oryza sativa ssp.
japonica cv. M202 and cv. M202(Sub1) were profiled using |H NMR spectroscopy
to compare the metabolic effect of submergence stress and recovery on rice in the
presence or absence of SUBLA. Significant changes were observed in the NMR
resonances of compounds in pathways important for carbohydrate metabolism. The
presence of SUB1A in M202(Sub1) was correlated with suppression of carbohydrate
metabolism in shoot tissue, consistent with the role of SUB1A in limiting starch
catabolism to fuel elongation growth. The absence of SUB1A in M202 was corre-
lated with greater consumption of sucrose stores and accumulation of amino acids
that are synthesized from glycolysis intermediates and pyruvate. Under submer-
gence conditions, alanine, a product of pyruvate metabolism, showed the largest
difference between the two varieties, but elevated levels of glutamine, glutamate,
leucine, isoleucine, threonine, and valine were also higher in M202 compared with
the M202(Subl) variety. The identification and characterization of alanylglycine
(AlaGly) in rice is also reported. After 3 days of submergence stress, AlaGly levels
decreased significantly in both genotypes but did not recover within 1 day of desub-
mergence with the other metabolites evaluated. The influence of SUB1A on dynamic
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changes in the metabolome during complete submergence provides new insights into
the functional roles of a single gene in invoking a quiescence strategy that helps
stabilize crop production in submergence-prone fields.

References

Akey WC, Morrison IN (1983) Effect of moisture stress on wild oat (Avena fatua) response to
diclofop. Weed Sci 1:247-253

Ashraf MA, Akbar A, Parveen A, Rasheed R, Hussain I, Igbal M (2018) Phenological application of
selenium differentially improves growth, oxidative defense and ion homeostasis in maize under
salinity stress. Plant Physiol Biochem 123:268-280

Ayala A, Mufioz MF, Argiielles S (2014) Lipid peroxidation: production, metabolism, and signaling
mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxidative medicine and cellular
longevity

Basu S, Kumar G, Kumari N, Kumari S, Shekhar S, Kumar S, Rajwanshi R (2020) Reactive
oxygen species and reactive nitrogen species induce Lysigenous aerenchyma formation through
programmed cell death in rice roots under submergence. Environ Exp Bot 177:104—-118

Chakraborty K, Guru A, Jena P, Ray S, Guhey A, Chattopadhyay K, Sarkar RK (2021) Rice with
SUB1 QTL possesses greater initial leaf gas film thickness leading to delayed perception of
submergence stress. Ann Bot 127:251-265

Chevrier B, Lespez L, Lebrun B, Garnier A, Tribolo C, Rasse M et al (2020) New data on settle-
ment and environment at the Pleistocene/Holocene boundary in Sudano-Sahelian West Africa:
interdisciplinary investigation at Fatandi V, Eastern Senegal. PLoS One 15(12):¢0243129

Damame SV, Gore SB, Sinare BT, Gavit MG, Pardeshi HP (2017) Forage quality of Bajrax Napier
hybrid cv. Phule Jaywant as affected by growing environments and nitrogen levels. Indian J Anim
Nutr. 34:310-315

da Veiga Moreira J, Peres S, Steyaert JM, Bigan E, Paulevé L, Nogueira ML, Schwartz L (2015) Cell
cycle progression is regulated by intertwined redox oscillators. Theor Biol Med Model 12(1):1-14

Demidchik V, Maathuis F, Voitsekhovskaja O (2018) Unravelling the plant signalling machinery:
an update on the cellular and genetic basis of plant signal transduction. Funct Plant Biol 45:1-8

Fischer S, Di Liddo A, Taylor K, Gerhardus JS, Sobczak K, Zarnack K, Weigand JE (2020)
Muscleblind-like 2 controls the hypoxia response of cancer cells. RNA 26(5):648-663

Ghatak A, Chaturvedi P, Weckwerth W (2018) Metabolomics in plant stress physiology. Plant Genet
Mol Biol 187-236

Hashim AM, Alharbi BM, Abdulmajeed AM, Elkelish A, Hozzein WN, Hassan HM (2020) Oxida-
tive stress responses of some endemic plants to high altitudes by intensifying antioxidants and
secondary metabolites content. Plants 9(7):869

Hong CP, Wang MC, Yang CY (2020) NADPH oxidase RbohD and ethylene signaling are involved
in modulating seedling growth and survival under submergence stress. Plants 9:471

Huihui Z, Xin L, Yupeng G, Mabo L, Yue W, Meijun A et al (2020) Physiological and proteomic
responses of reactive oxygen species metabolism and antioxidant machinery in mulberry (Morus
alba L.) seedling leaves to NaCl and NaHCO3 stress. Ecotoxicol Environ Safety 193:110259

Jun N, Gaohang W, Zhenxing Z, Huanhuan Z, Yunrong W, Ping W (2011) OsIAA23-mediated
auxin signaling defines postembryonic maintenance of QC in rice. Plant J 68:433-442

Khan MIR, Palakolanu SR, Chopra P, Rajurkar AB, Gupta R, Igbal N, Maheshwari C
(2020) Improving drought tolerance in rice: ensuring food security through multi-dimensional
approaches. Physiol Plant

Khan I, Yousif AM, Johnson SK, Gamlath S (2015) Acute effect of sorghum flour-containing pasta
on plasma total polyphenols, antioxidant capacity and oxidative stress markers in healthy subjects:
a randomised controlled trial. Clin Nutr 34:415-421



An Approach in Updating Plant Metabolomics in Roots ... 409

Kim Y, Park C, Cha S, Han M, Ryu KS, Suh JY (2020) Determinants of PB1 domain interactions
in auxin response factor ARFS and repressor IAA17. J Mol Biol 432:4010-4022

Kim YH, Yun BW, Kwak SS (2019) Expression of the sweet potato peroxidase gene swpa4 in
Arabidopsis activates defense genes mediated by reactive oxygen species and nitric oxide. Plant
Biotechnol Rep 13:329-336

Lee HY, Yoon GM (2018) Regulation of ethylene biosynthesis by phytohormones in etiolated rice
(Oryza sativa L.) seedlings. Mol Cells 41:311

Leén J, Castillo MC, Gayubas B (2020) The hypoxia-reoxygenation stress in plants. J Exp Bot

Liang K, Tang K, Fang T, Qiu F (2020) Waterlogging tolerance in maize: genetic and molecular
basis. Mol Breed 40(12):1-13

Lothier J, Diab H, Cukier C, Limami AM, Tcherkez G (2020) Metabolic responses to waterlogging
differ between roots and shoots and reflect phloem transport alteration in Medicago truncatula.
Plants 9(10):1373

Luo X, Dai Y, Zheng C, Yang Y, Chen W, Wang Q, Chandrasekaran U, DuJ, Liu W, Shu K (2015) The
ABI4-RbohD/VTC2 regulatory module promotes reactive oxygen species (ROS) accumulation
to decrease seed germination under salinity stress. New Phytol 229:950-962

Manik SM, Pengilley G, Dean G, Field B, Shabala S, Zhou M (2019) Soil and crop management
practices to minimize the impact of waterlogging on crop productivity. Front Plant Sci 10:140

Maranas CD (2017). Development of a knowledgebase (MetRxn) of metabolites, reactions and atom
mappings to accelerate discovery and redesign (No. SC0008091). Pennsylvania State University,
University Park, PA (United States)

Morel JB, Senthil-Kumar M, Ballini E (eds). (2019). Biological mechanisms of plant interactions
with a combination of biotic and abiotic stresses. Frontiers Media SA

Nakamura M, Noguchi K (2020) Tolerant mechanisms to O 2 deficiency under submergence
conditions in plants. J Plant Res 18:1-29

Negi S, Ivanchenko MG, Muday GK (2008) Ethylene regulates lateral root formation and auxin
transport in Arabidopsis thaliana. Plant J 55:175-187

Park YB, Guo JY, Rahman SM, Ahn J, Oh DH (2009) Synergistic effect of electrolyzed water and
citric acid against Bacillus cereus cells and spores on cereal grains. J Food Sci 74:185-189

Pedersen O, Sauter M, Colmer TD, Nakazono M (2021) Regulation of root adaptive anatomical
and morphological traits during low soil oxygen. New Phytol 229:42-49

Pegg T, Edelmann RR, Gladish DK (2020) Immunoprofiling of cell wall carbohydrate modifications
during flooding-induced Aerenchyma formation in Fabaceae roots. Front Plant Sci 10:1805

Rachmawati D, Maryani MM, Kusumadewi S, Rahayu F (2019) Survival and root structure changes
of rice seedlings in different cultivars under submergence condition. Biodivers J Biol Diver
20:3011-3017

Ruf T, Audu V, Holzhauser K, Emmerling C (2019) Bioenergy from periodically waterlogged
cropland in Europe: a first assessment of the potential of five perennial energy crops to provide
biomass and their interactions with soil. Agronomy 9(7):374

Saha I, Hasanuzzaman M, Dolui D, Sikdar D, Debnath SC, Adak MK (2021) Silver-nanoparticle and
abscisic acid modulate subl A quantitative trait loci functioning towards submergence tolerance
in rice (Oryza sativa L.). Environ Exp Bot 181:104276

Saha I, Sarkar B, Ghosh A, De AK, Adak MK (2020) Physiological responses of subl A QTL under
induced dehydration stress for varying days in rice. Plant Sci Today 7:112-121

Sakuraba Y, Kim YS, Han SH, Lee BD, Paek NC (2015) The Arabidopsis transcription factor
NACO016 promotes drought stress responses by repressing AREBI1 transcription through a
trifurcate feed-forward regulatory loop involving NAP. Plant Cell 27:1771-1787

Sauter M, Moffatt B, Saechao MC, Hell R, Wirtz M (2013) Methionine salvage and S-
adenosylmethionine: essential links between sulfur, ethylene and polyamine biosynthesis.
Biochem J 451:145-154

Shen Y, Gu R, Sheng Y, Zeng N, Zhan X (2020) Acropetal translocation of phenanthrene in wheat
seedlings: Xylem or phloem pathway? Environ Pollut 260:114055



410 M. K. Adak et al.

Srivastava S, Pathare VS, Sounderajan S, Suprasanna P (2019) Nitrogen supply influences arsenic
accumulation and stress responses of rice (Oryza sativa L.) seedlings. J Hazard Mater 367:599—
606

Striker GG (2012) Flooding stress on plants: anatomical, morphological and physiological
responses. Botany. Intechopen, London, United Kingdom, pp 3-28

Sun L, Li X, Wang X, Xiang L, Yang J, Min Q, Chen G, Chen F, Huang C, Wang G (2020)
Growth and respiratory metabolic adaptation strategies of riparian plant Distylium chinense to
submergence by the field study and controlled experiments. Plant Physiol Biochem 157:1-2

Voesenek LA, Bailey-Serres J (2015) Flood adaptive traits and processes: an overview. New Phytol
206:57-73

Wu YS, Yang CY (2020) Comprehensive transcriptomic analysis of auxin responses in submerged
rice coleoptile growth. Int J Mol Sci 21:1292

Wu B, Zhu L, Le XC (2017) Metabolomics analysis of TiO2 nanoparticles induced toxicological
effects on rice (Oryza sativa L.). Environ Pollut 230:302-310

Yan M, Zheng L, Li B, Shen R, Lan, P (2020a) Comparative proteomics reveals new insights into
the endosperm responses to drought, salinity and submergence in germinating wheat seeds. Plant
Mol Biol 1-16

Yan M, Xue C, Xiong Y, Meng X, Li B, Shen R, Lan P (2020b) Proteomic dissection of the similar
and different responses of wheat to drought, salinity and submergence during seed germination.
J Proteom 220:103756

Yamauchi T, Tanaka A, Inahashi H, Nishizawa NK, Tsutsumi N, Inukai Y, Nakazono M (2019)
Fine control of aerenchyma and lateral root development through AUX/IAA-and ARF-dependent
auxin signaling. Proc Natl Acad Sci 116:20770-20775

Yamauchi T, Tanaka A, Tsutsumi N, Inukai Y, Nakazono M (2020) A role for auxin in ethylene-
dependent inducible aerenchyma formation in rice roots. Plants 9:610

Yu P, Eggert K, von Wirén N, Li C, Hochholdinger F (2015) Cell type-specific gene expression
analyses by RNA sequencing reveal local high nitrate-triggered lateral root initiation in shoot-
borne roots of maize by modulating auxin-related cell cycle regulation. Plant Physiol 169:690-704

YuM, Yau CP, Yip WK (2017) Differentially localized rice ethylene receptors OSERS 1 and OsETR?2
and their potential role during submergence. Plant Signal Behav 12:e1356532



	 An Approach in Updating Plant Metabolomics in Roots to Tolerate Anaerobic Submergence Stress
	1 Introduction
	2 Metabolomics Approaches for Deciphering the Stress Tolerance Under Submergence
	3 Submergence Stress: A Significant Scope for Metabolomics Study
	4 Areas Under Coverage of Root Metabolomics Under Submergence Stress
	5 Compartmentalization of Metabolic Flux in Roots Under Submergence
	6 Metabolic Fluxes of Reaction Oxygen Species in Roots Under Submergence
	7 Metabolomics in Roots for Re-Oxygenation Phenomena on Post Submergence
	References


